Introduction
Autism is a complex neurodevelopmental disorder characterized by social and communicative deficits and ritualisticrepetitive behaviours that are detectable in early childhood. It is one of the most heritable (> 90% heritability) genetic disorders.
Altered synaptic development and plasticity due to dysregulated synaptic protein synthesis has been proposed to be causative of autistic phenotypes. 1 During development and throughout life, billions of synapses in the mammalian central nervous system are continuously reconfigured, both structurally and functionally -a process called synaptic plasticity, which forms the basis for learning and memory. much-needed synaptic specificity is achieved through a combination of diverse and unique molecular cues in the pre-and postsynaptic neurons. 3, 4 The protocadherins (PCDH), which comprise the largest family in the cadherin superfamily of calcium-dependent cell adhesion molecules, gain importance in this context. 5, 6 The PCDH genes, organized into α, β and γ clusters, are predomin antly expressed in the brain. 7 The PCDH α (PCDHA) proteins in particular have been proposed to participate in specific synaptic connections based on their localization to synaptic junctions. 5 The PCDHA gene (5q31.3) cluster is composed of 15 large, variable region exons (V) organized in a tandem array, followed by a constant region composed of 3 exons shared by all the splice variants in the cluster 6 (Appendix 1, Fig. S1 , available at cma.ca/jpn). Individual PCDHA mRNAs are assembled from one of the V exons and the 3 constant exons in a process involving differential promoter activation and alternative splicing. 6, 8, 9 Esumi and colleagues 10 reported monoallelic yet combinatorial expression of the V exons of PCDHA in single neurons. This type of regulation could account for the expression of a wide variety of different combinations of PCDHA transcripts in individual neurons, thereby establishing specific neuron identity and synaptic specificity. It would be interesting to examine the role of PCDHA in the pathogenesis of autism, since impaired neuronal connectivity 11, 12 involving altered synapses 13 has been found to lead to cognitive deficits. Furthermore, PCDHA proteins have also been found to be important for the serotonergic projections to appropriately innervate the target brain areas.
14 This is another interesting aspect of PCDHA that makes it a potential candidate gene for autism, since a growing body of evidence links autism to abnormalities in serotonin function. [15] [16] [17] Previously, structural variations of PCDHs, such as PCDH9 18 and PCDH10, 19 have been implicated in autism. Recently, a de novo gene disruption (deletion leading to frame shift) in PCDHA13 was reported in autism. 20 Given the role of PCDHA in the aforementioned processes, we hypothesized that PCDHA is a suitable candidate gene for autism. In the present study, we analyzed the genetic association of PCDHA with autism in a large cohort of 841 families with affected children.
Methods
Our study protocol was approved by the Ethics Committee of Hamamatsu University School of Medicine, Japan.
Samples
We obtained the DNA samples used in this study from Autism Genetic Resource Exchange (AGRE; www.agre.org). 21 They have obtained informed consent, allowing the distribution of DNA samples to approved researchers, from all individuals listed in their pedigree catalogue. We used DNA from 841 families (3211 individuals in total) in the present association study. This includes 1467 patients (1178 male, 289 female) with autism. Among the 841 families, 574 were multiplex, meaning that more than 1 child had autism.
Pedigree information for each individual, along with the diagnoses based on Autism Diagnostic Interview-Revised (ADI-R), 22 were available on the AGRE website. The ADI-R scores were available for 1523 individuals with autism. We excluded families with nonidiopathic autism flags (e.g., fragile-X, abnormal brain imaging results, dysmorphic features, birth trauma) recorded for any family members.
Single nucleotide polymorphism selection
The genomic structure of PCDHA (140145500..140375000 in chromosome 5) was based on the University of California, Santa Cruz, February 2009 assembly of the human genome (http ://genome .ucsc .edu/).
We selected the SNPs (MAF > 0.1) for the association study from the International HapMap Project (www.hapmap.org) database of white populations. Using the Tagger in Haploview version 4.1 (www .broad .mit .edu /mpg/haploview), we selected 14 SNPs by pairwise tagging with an r 2 threshold of 0.8 (Appendix 1, Table S1 ). Except for rs3733709, a missense mutation located in the coding region of PCHDA2 and PCDHA3, all the SNPs were located in the introns.
Genotyping
We used Assay-on-Demand SNP genotyping products (Applied Biosystems) to score genotypes based on the TaqMan assay method. 23 Genotypes were determined in the ABI PRISM 7900HT Sequence Detection System (Applied Biosystems) and analyzed using SDS version 2.0 software (Applied Biosystems).
Statistical analysis
All statistical analyses were performed separately for the whole set of 841 families (hereafter referred to as all families) and for the 574 multiplex families. Power analysis was conducted using Genetic Power Calculator (http ://pngu .mgh .harvard .edu/~purcell/gpc/dtdt.html). We used FBAT version 2.0.3 (http://biosun1.harvard.edu/~fbat/fbat.htm) to examine the genetic association of SNPs with autism in a family-based association test under an additive model; the FBAT-MM option was used for multimarker testing.
Pairwise linkage disequilibrium (LD) among the SNPs, based on D' (LD coefficient) values, 24 was estimated using Haploview. We defined LD blocks in PCDHA using the Haploview confidence interval algorithm. 25 Using FBAT (HBAT option) and Haploview, the association of haplotypes within the LD blocks was analyzed. The -p option (100 000 permutations) of HBAT was used to compute the global test for haplotypes via Monte-Carlo simulations.
Using the Quantitative Transmission Disequilibrium Test (QTDT) version 2.5.1 (www .sph .umich .edu /csg /abecasis /QTDT /index .html), we further examined the association between quantitative ADI-R scores (ADI-R_A, ADI-R_BV, ADI-R_BNV, ADI-R_C, ADI-R_D) and SNPs selected from FBAT analysis (all p < 0.05). We used the Bonferroni method to adjust for multiple testing.
In the autism samples, we performed 1-way analysis of variance (ANOVA) followed by post hoc pairwise comparison with Bonferroni correction to examine the variability in the distribution of ADI-R phenotypic data across the homozygous and heterozygous genotypes of the SNPs selected from FBAT analysis (p < 0.05).
Results
Single SNP association analysis Table 1 shows the results of FBAT analysis of PCDHA SNPs. In all families, 4 SNPs showed significant associations with autism, rs251379 (p = 0.009, z score for risk allele T = 2.608), rs1119032 (p = 0.014, z score for risk allele G = 2.454), rs155806 (p = 0.029, z score for risk allele C = 2.177) and rs17119346 (p = 0.017, z score for risk allele G = 2.382). However, the SNP associations did not withstand multiple testing correction.
We further examined SNP associations with autism in families with male and female autistic individuals separately. The SNPs rs251379 (p = 0.031, z score for risk allele T = 2.160) and rs17119346 (p = 0.026, z score for risk allele G = 2.223) showed nominal association with autism in families with male autistic patients. No significant association was observed in families with female autistic patients.
Considering only the multiplex families, 4 SNPs showed significant associations with autism: rs251379 (p = 0.048, z score for risk allele T = 1.977), rs1119032 (p < 0.001, z score for risk allele G = 3.415), rs17119271 (p = 0.013, z score for risk allele C = 2.495) and rs155806 (p = 0.039, z score for risk allele C = 2.057). The SNP associations remained significant after multiple testing correction (p = 0.041).
We further examined SNP associations with autism in multiplex families with male and female autistic patients separately. The SNPs rs1119032 (p = 0.004, z score for risk allele G = 2.851) and rs17119271 (p = 0.028, z score for risk allele C = 2.197) showed nominal association with autism in families with male autistic patients. No significant association was observed in families with female autistic patients.
Power analysis showed that the overall sample size of 841 families provided 91% power to detect an odds ratio of 1.5 for an allele frequency of 0.1 at an α of 0.05. The sample size of families with affected male patients (n = 784) provided 89% power to detect an association under similar criteria. However, the sample size of families with affected female patients (n = 254) was underpowered (< 80%) to detect an association. 
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Linkage disequlibrium structure of PCDHA
The Haploview confidence interval algorithm identified 3 LD blocks in PCDHA: the first block consisted of SNPs rs3733709 and rs3756337; the second consisted of rs1119032 and rs155363; and the third consisted of rs17119328, rs11743888, rs31874, rs31872 and rs17119346. The LD structure was similar when all families were considered (Appendix 1, Fig. S2 ) and when only multiplex families were considered.
Haplotype association analysis
The results of the haplotype association analysis are shown in Table 2 . In all families, the haplotypes AC (p = 0.002, z score = -2.851) and GC (p = 0.008, z score = 2.506) in block 2, and the haplotype AGTTA (p = 0.036, z score = -2.029) in block 3 showed significant associations with autism. The p value after global testing was significant for block 2 (p = 0.006), but not for block 3.
In multiplex families only, the haplotypes AC (p = 0.014, z score = -2.259) and GC (p < 0.001, z score = 3.425) of block 2 showed significant associations with autism. The p value remained significant (p = 0.004) after global testing.
Taken together, the AC and GC haplotypes of block 2 may be considered as protective and risk haplotypes, respectively.
Quantitative Transmission Disequilibrium Test analysis
In the QTDT analysis of multiplex families, the G allele of rs1119032 showed a significant association with ADI-R_D (developmental abnormalities before 36 months) scores (p = 0.033, F = 4.578). However, the association did not withstand multiple testing correction. In all families, the G allele of rs1119032 was found to have a tendency for association with the ADIR_D score (p = 0.05, F = 3.688). None of the other SNPs were associated with ADI-R scores.
One-way ANOVA (genotype v. ADI_R)
Considering only the autistic individuals in all families, we observed a significant difference in the distribution of ADI-R_A (social interaction) scores between the A/A, A/G and G/G genotypes of rs17119346 (p = 0.002; Fig. 1) . Individuals with the A/A genotype had lower ADI-R_A scores than individuals with A/G and G/G genotypes. After post hoc pairwise comparison with Bonferroni correction, A/A versus A/G and A/A versus G/G differences in ADI-R_A scores were significant at p < 0.01.
Discussion
We report a strong association between the PCDHA gene cluster and autism. The G allele of SNP rs1119032 was found to be a risk allele in both single SNP association and haplotype association tests. The z scores were found to be 2.454 and 3.415 in the single SNP association analysis of all families and of only multiplex families, respectively. In haplotype analysis, the z scores for the haplotype involving the G allele were found to be 2.506 and 3.425 for all families and for only multiplex families, respectively.
Anney and colleagues 26 recently conducted a genome-wide association study (GWAS) of 1558 families from the Autism Genome Project consortium, genotyped at more than 1 million SNPs. In addition to the data published online, further information on SNPs in the region spanned by PCDHA was provided to us by the authors through personal communication (Prof. Bernie Devlin, Department of Psychiatry, University of Pittsburgh School of Medicine: personal communication, February-March 2012). We could thus compare these results with that from our study. Among the 5 SNPs for which we have reported significant association in this study, 2 were also found to be nominally associated in the GWAS: rs1119032 (GWAS p values, 0.004 for strict diagnosis and 0.04 for spectrum diagnosis), the SNP for which we obtained most significant association in multiplex families, and rs251379 (GWAS p values, 0.02 for strict diagnosis and 0.005 for spectrum diagnosis), the SNP showing the most significant association in all families. Furthermore, 8 other PCDHA SNPs were found to be nominally associated (p < 0.01) with spectrum diagnosis in the GWAS: rs11750201 (p = 0.005), rs13182228 (p = 0.005), rs155800 (p = 0.006), rs155817 (p = 0.006), rs251378 (p = 0.008), rs265311 (p = 0.008), rs59479 (p = 0.004) and rs6874218 (p = 0.003). All these SNPs are located in introns and may not have a functional significance.
In the present study, the strongest allelic (p < 0.001) and haplotypic associations for rs1119032 was observed in multiplex families. Multiplex sibships tend to be enriched in frequency for a disease susceptibility allele, and thus create a stronger contrast with unrelated controls, as well as with parents and unaffected siblings. 27 In a genetically complex, heterogeneous, polygenic disorder like autism, the common genetic predisposing factors are therefore likely to be enriched in multiplex families; in simplex families, a fraction of the cases are likely to be caused by rare chromosomal rearrangements or other sporadic events. 28 The SNP associations in multiplex families and the haplotype associations in all families and multiplex families withstood multiple testing correction. In several of the previous candidate gene studies of autism, the SNP associations were not found to be significant after adjusting for multiple markers. [29] [30] [31] In spite of the large sample size and large number of markers in the present study, our SNP and haplotype associations were found to withstand multiple testing correction.
In QTDT analysis, the G allele of rs1119032 showed a significant association with ADI-R_D scores, which reflect developmental abnormalities observed in patients with autism before the age of 36 months. Delayed speech, unusual socioemotional reactions and poor attention to and exploration of the environment are among the first clinically noticeable behavioural symptoms of autism during the second and third years of life. 32, 33 Since autism is a pervasive developmental disorder, neuroanatomical, neurochemical and neurobio logic al abnormalities should precede the appearance of clin ical symptoms. It has been reported that PCDHA functions during neurogenesis in early development owing to its role in neuronal circuit maturation. 10, 34 A new microdeletion syndrome of 5q31.3, the locus of PCDHA, has been reported in patients with severe developmental delays. 35 Therefore, the association of the risk allele of rs1119032 with ADI-R_D is an interesting observation. It should be noted that in the GWAS by Anney and colleagues, 26 rs119035 was associated most significantly with strict autism, but not with other autism-spectrum disorders.
In addition to rs1119032, we also observed significant associations of 4 more SNPs (rs251379, rs17119271, rs155806 and rs17119346) with autism. Since all the associated SNPs are located in introns, we used SNP Function Prediction (FuncPred; http://snpinfo.niehs.nih.gov/snpfunc.htm) and FastSNP (http ://fastsnp .ibms .sinica .edu .tw /pages /input _SNPListAnalysis .jsp) to predict their functions. The SNPs were analyzed for putative roles in splicing regulation, transcription factor binding site, miRNA binding site and for other regulatory roles. A transcription factor binding site was predicted for rs251379.
To further expand our search for possible functional polymorphisms, we also included in FuncPred and FastSNP analyses other PCDHA SNPs in the LD bins of significantly associated SNPs: 3 SNPs in the LD bin of rs251379 were located in the coding region. Among these, rs251354 is a nonsynonymous SNP (Leu/Val) with a benign effect; the other 2 SNPs (rs155807 and rs155820) are synonymous SNPs. Two SNPs (rs12153295 and rs11744560) in the LD bin of rs1119032, located in the coding region, are also synonymous SNPs. Transcription factor binding sites were predicted in several of the SNPs in the LD bins of rs251379, rs1119032, rs17119271 and rs155806. We predicted miRNA binding sites for 1 SNP each in the LD bins of rs251379 and rs17119271.
Autistic patients with the A/A genotype of rs17119346 were found to have lower ADI-R_A scores than patients with A/G and G/G genotypes. The difference in ADI-R_A scores of patients with A/A versus A/G and A/A versus G/G genotypes was significant after Bonferroni correction. The ADI-R_A scores are indicative of social interaction. Impaired social interaction is a hallmark feature of autism.
Autism-spectrum disorders are typically detected and diagnosed during the second or third years of life. Their onset and detection corresponds with a period of robust synapse formation and maturation in humans. The complex genomic organization of the PCDHA, along with the allelic and combinatorial expression of their distinct V exons, contributes in specifying neuronal cell identities. 10 This enormous diversity of neurons is essential to generate complex neuronal networks. Loss-of-function mice have revealed that Pcdha plays pivotal roles in neuronal survival, 36, 37 synaptic connectivity, 38 axonal convergence, 39 and learning and memory. 40 It has been found that PCDHA is essential for the serotonergic projections to appropriately innervate the target brain regions during early development. 14 In PCDHA knockout mutant mice, abnormal distribution of serotonergic fibres was observed in various target regions, along with abnormal levels of serotonin in the hippocampus.
14 Abberant serotonergic innervations have been implicated in several behavioural abnormalities related to autism. [41] [42] [43] Recently, a de novo deletion in PCDHA13 has been observed in autism. 20 Several other members of the cadherin superfamily, such as CDH8, 44 CDH9, 45 CDH10, 45 CDH18,
18
PCDH9
18 and PCDH10, 19 have been implicated in autism. The PCDHA gene is also a candidate locus for schizophrenia and bi polar disorder. 46, 47 After analyzing the families with male and female autistic patients separately, we observed significant associations only for male patients in our analysis of all families and of only multiplex families. However, the lack of association in female patients could be explained by the small number of families with affected female patients.
Limitations
Our study involved mainly white samples. The results need to be replicated in an independent population and/or in samples of different racial backgrounds.
Conclusion
Our study provides strong genetic evidence of PCDHA as a potential candidate gene for autism. More research is warranted into the molecular mechanisms through which PCDHA is involved in the pathogenesis of autism-spectrum disorders.
